Extensive research into the microbial ecology of grapes near harvest, with a primary focus on yeasts, has 16 improved our understanding of some components of variation that influence grapevine terroir. Metagenomic 17 tools enable a broader exploration of the plant microbiome and components of variability due to such factors 18 as year, location, management, and phenological stage. In 2014, to characterize the microbial changes of the 19 grape surface over the course of the growing season in the Finger Lakes region of New York, we examined the 20 epiphytic microbiome of grapes at five key phenological stages: pea-sized, bunch closure, Veraison, 15 Brix 21 and harvest. This experiment was repeated in two subsequent years in the Finger Lakes, New York in 2015, 22 and in Tasmania, Australia in 2016, to examine variability of regional terroir. We found significant shifts in 23 taxa presence and relative taxa abundance between phenological timepoints, and determined that the epiphytic 24 microbiome differed significantly not just between regions but also within a single region from one year to the 25 next. These findings call into question the role of the phytobiome in the expression of terroir, as the 26 phytobiome is dynamically responding to its environment, within and between years and locations. On the 27 berry surface in particular, these dynamics are complicated by weather and management. Understanding that 28 the grape surface microbiome is consistently changing may influence how we manage the berry epiphytic 29 microbiome, potentially affecting disease management and vinification decisions. Recent research into the microbiota of grapes examined the microbial communities constituting a particular 32 microbial terroir through sampling of grape at harvest or in the grape must after harvest. Microbial sampling 33 has been examined in vineyards determined to have the same terroir (Setati et al., 2012), and native microbial 34 populations examined across regions (Martiny et al., 2006), but the changes in one region across an entire 35 season and between two regions in multiple years has not been explored. While the microbial populations on 36 grapes immediately before harvest has been extensively investigated while some researchers have investigated changes in 40 microbial populations for the last few weeks before harvest (Garijo et al., 2011; Renouf and Lonvaud-Funel, 41 2007), fluctuations of microbial populations from the very beginning of berry development until harvest have 42 not been investigated. Recently, a distinction has been made between the epiphytic and endophytic microbiota 43 of grapes (Hall and Wilcox, 2018), which brings up new questions about the fluctuations of these separate 44 microbiotas over the course of the growing season. Little is known about how the epiphytic microbiome of 45 grapes changes throughout the growing season, partially because of the challenge of extracting sufficient DNA 46 from young grape, and solely from the surface, yet understanding these fluctuations could influence 47 management decisions. Frequent spray applications may be influencing the microbiome of the grape surface, 48 which in turn may affect how the grape responds to both beneficial and pathogenic microbes. The microbial 49 communities that are brought into the winery after harvest are not static, and the dynamics of the system could 50 also affect fermentation in the winery. 51 Materials and Methods 52 Sample Collection. In 2014 and 2015, grapes were collected from two commercial vineyards, one of Vitis 53 vinifera cv. Riesling and one of cv. Pinot Gris and one research vineyard of Vitis interspecific hybrid cv. 54 Vignoles, all in the Finger Lakes region of New York. One additional commercial vineyard was added in 2015 101 were read into STAMP, and an ANOVA test was done using the Tukey-Kramer method set to 0.95 and a p 102 value filter of 0.05. The percentage of each taxon in each sample was calculated. The mean of the percentages 103 for each taxon within each treatment was calculated and plotted in R. Organisms that could not be identified to 104 the family level were excluded from the analysis. Heatmaps were made in R v.3.3.2 using the pheatmap 105 package (R Core Team 2013, Kolde 2012). The colors represent the log of the relative mean frequency for 106 each taxon. If a taxon was not seen in a given group the value was assigned to the lowest value in the matrix. Literature Cited 235 Bokulich, N. A, Thorngate, J. H., Richardson, P. M., and Mills, D. a (2014). Microbial biogeography of wine 241 grapes is conditioned by cultivar, vintage, and climate. 246 PyNAST: a flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 266-267. et al. (2010b). 249 QIIME allows analysis of high-throughput community sequencing data. Nat Meth 7, 335-336. Available 250 at: http://dx.. (2005). Dynamics of indigenous 252 yeast populations during spontaneous fermentation of wines from Mendoza, Argentina. Int. J. Food 253 Microbiol. 99, 237-243.
Introduction 31 with a planting of cv. Vignoles, also in the Finger Lakes region. In 2016, grapes were collected from five 56 commercial vineyard blocks, one of V. vinifera cv. Sauvignon Blanc, and four V. vinifera cv. Riesling in 57 Tasmania, Australia. To address fluctuations in microbial populations both within a vineyard and on an 58 individual cluster, as articulated by Barata et al. (2012) , we sampled individual berries, as opposed to whole 59 clusters, and at varying locations in the vineyard. In every vineyard block, 12 panels were randomly selected 60 and one cluster was randomly selected at the following phenological time points: pea-sized berries, bunch 61 closure, Veraison, 15 Brix and harvest, for a total of 12 samples per time point per vineyard. In 2014, 180 62 samples were collected, in 2015, 240 samples and in 2016, 300 samples. The first three sampling points were 63 determined by visually assessing the clusters in the 12 panels, and harvesting samples when 50% of the berries 64 on a randomly selected cluster were determined to be at that particular phenological stage. For the sampling 65 point of 15 Brix, 20 berries were selected randomly from each of three individual rows, and samples were 66 collected when the juice averaged 15 Brix by refractometer. The harvest date for all years was determined 67 when the fruit reached an average of 23 to 24 Brix. 20 berries were selected randomly from each of three 68 individual rows, and samples were collected when the juice averaged 23-24 Brix by refractometer. Each 69 randomly selected cluster was marked with flagging tape so as not to be sampled again at a future sampling 70 point, which ensured that any changes to the cluster architecture or surface microbiota caused by sampling 71 would not influence other samples. Three randomly selected berries, located at the tip of the cluster, the 72 anterior side and posterior side, were cut from each cluster above the pedicel using scissors that were 73 immersed in 95% ethanol between samples, and dropped directly into 50 mL Falcon tubes containing 5 mL of 74 10% w/v NaCl in TE buffer (10mM Tris-HCl+1mM EDTA, ph 8.0) . The caps were screwed back on each 75 tube immediately, and were placed in a Styrofoam cooler containing an ice pack until they were transported to 76 the laboratory. 77 DNA extraction. In the laboratory, 500 µl of 10% SDS was added to the Falcon tube containing the grape 78 berry and TE-NaCl solution, vortexed for 5 seconds and left at room temperature for 15 minutes. A freeze-79 thaw sequence consisting of 30 minutes in a -80 C freezer and 5 minutes in 60 C water bath was repeated three 80 times to lyse the fungal and bacterial cells. 750 µl of the solution was transferred to a centrifuge tube, along with 750 µl ice-cold isopropanol. The solution was centrifuged for 10 minutes at 9600 g. The supernatant was 82 carefully removed from the tube, 500 µl ice-cold 95% ethanol was added, and the tube was again centrifuged 83 at 9600 g for 1 minute (Hall et. al 2019b) . The pellet was re-suspended in 100 µl TE buffer. The DNA was 84 then stored at 4 C until further use.
85
Amplification and Sequencing. Genomic DNA was sent to the Cornell University DNA Sequencing facility 86 in Ithaca, NY for Illumina 250-bp-paired-end sequencing on the Illumina MiSeq machine. For each sample, 87 two separate runs were performed. To amplify the V4 domain of bacterial 16S rRNA genes, primers F515 88 (5′NNNNNNNNGTGTGCCAGCMGCCGCGGTAA-3′) and R806 (5′-GGACTACHVGGGTWTCTAAT-3′) 89 and for fungal internal transcribed spacer (ITS) 1 loci were amplified using primers BITS (5′-90 NNNNNNNNCTACCTGCGGARGGATCA-3′) and B58S3 (5′-GAGATCCRTTGYTRAAAGTT-3′) 91 (Bokulich et al., 2014) . Both forward primers were modified to contain a unique 8-bp barcode, highlighted in 92 the italicized N-sections above.
93
Data Analysis. Quality filtering, read processing, and OTU assignment was conducted in Qiime 1.9.1 94 (Caporaso et al., 2010b) . Sequences were trimmed once there were three consecutive bases with PHRED 95 scores less than 20. Sequences less than 100nt were discarded. Open and closed reference OTU-picking 96 methods used uclust and a pairwise identity of 97% (Edgar, 2010) . Alignment to greengenes 13_5 was done 97 using PyNAST and alignment to UNITE 7_97 was conducted using the BLAST alignment method (Altschul 98 et al., 1990; Caporaso et al., 2010a; DeSantis et al., 2006; Kõljalg et al., 2013) . Rare OTUs were filtered if 99 they had less than 0.0001% of the total abundance from within the biom file. Biom files were converted into 100 spf files using the biom_to_stamp.py script provided by STAMP. The original mapping file and the spf file method, and the columns were clustered using the Manhattan method.
Results 110
The sampling strategy focused on isolation of DNA from the epiphytic microbiome of three grape 111 berries per sample. Examining all years at once, the ability to detect taxa from this small biomass generally 112 increased over the course of the growing season (fungal samples: P=0.76; bacterial samples: P=0.75), with the 113 highest percentage reads coming from Veraison and later ( 
121
were detected at only a single timepoint. Four species of Penicillium appeared at three of the five time points 122 sampled, but not in consecutive order and not in any increasing or decreasing numbers throughout the growing 123 season ( Table 2) . Within the bacterial reads, several species were found in every sampled time point. For 124 instance, Acinetobacter rhizosphaerae represented nearly 85% of the reads at pea-sized berries, and remained 125 at approximately 30% of the total OTUs for the rest of the growing season, whereas Anoxybacillus 126 kestanbolensis was found in 4 -11% of every sampled timepoint. Pseudomonas balearica was consistently 127 found in each timepoint yet varied significantly, reaching its peak at 61% of the OTUs at Veraison ( 70% of the total reads, and 77% of the total reads at harvest. The majority of OTUs were identified less than 149 1% of the time (Table 6) . For bacterial OTUs, members of order Rhodospirillales dominated every time point.
150
Gluconobacter represented 22% of reads at pea-sized berries, 42% at bunch closure, 59% at Veraison, 23% at 151 15 Brix and 15% at harvest, and it also represented a significant proportion of reads from order 152 Aceteobacteraceae. Members of the order Bacillaceae represented 37% of the OTUs are pea-sized berries, 153 10% at bunch closure, 20% at Veraison, 35% at 15 Brix and 44% at harvest (Table 7) . 
178
The notable lack of those organisms in the 2014 data may be an indication of why sour rot infections were not 179 prevalent that year, however.
180
There is a notable similarity between those data collected in 2015 and 2016, primarily in the increased 181 number of microbial species, in comparison to the 2014 samples, and in the prevalence of yeast and acetic acid 182 bacteria. Also significant are the differences between the 2014 and 2015 data. Since the data are from the same region, the differences were more significant than we expected. We recognize that in combining the results 184 from many vineyards, we are not focusing on the microbial terroir of a single vineyard and how it changed 185 from one year to the next, but examining the microbial terroir of a region allowed us to look at any patterns 186 among multiple sites. However, because there are limited similarities between the microbial communities of 
191
The ebb and flow of organisms as the season progresses are an indication of how the environment may 192 be impacting the growth of the grapes, or even how the microorganisms are responding to conventional sprays 193 in the vineyard. Because we did not collect spray records for every vineyard from which we sampled, we 194 cannot relate this data back to those specific applications. However, typical commercial production in these 195 regions uses fungicide applications every 10 to 14 days with a rotation of chemistries, so certainly the sampled 196 grapes were exposed to one or more sprays between each timepoint. The spike of E. necator reads in 2014 at 197 15 Brix is a possible example of how the population of that pathogen was controlled with a spray application.
198
The increase of Botrytis spp. reads over the course of the season, however, could also be related to the sprays 199 applied in those vineyards. And while this data gives us a broad look at the dynamics of the microbial system, 200 further studies that relate microbial community data with spray applications would provide researchers with 201 information about which microbes are being controlled with each spray, and which ones proliferate as a result 202 of that population being controlled.
203
Grapes harbor a unique microbial community because those members have influence in the 204 downstream processing of those grapes, especially as it relates to native fermentations. Researchers have 205 focused on those microbes present at harvest, but these communities are changing and being influenced from 206 the very start of the growing season. Through understanding how the dynamics of these microbial 207 communities change over the course of the growing season, we can better understand how we arrive at the examine more closely how spray applications throughout the season may influence the epiphytic microbiome, 210 and how that relates to disease susceptibility throughout the growing season. While it is unclear how 211 controlling for certain yeast or bacteria could influence the microbial community, it is also possible that 212 counterbalancing the prevalence of certain organisms with those that are not pathogenic, could reduce the risk 213 of disease symptoms development.
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Importance 227 This is the first study, to the best of our knowledge, that examines the epiphytic microbiome of grapes 228 across several time points during the growing season, and across several years and regions. Recent grape 229 microbiome research has not distinguished between epiphytic and endophytic microorganisms, and has not 230 focused on time points other than harvest. This research shows that the epiphytic microbiome of the grape is 231 constantly changing throughout the growing season and is likely impacted by environmental factors as well as consistent chemical spray applications, which has implications for both vineyard management and 233 winemaking practices. 301 Rosini, G., Federici, F., and Martini, A. (1982) . Yeast flora of grape berries during ripening. Microb. Ecol. 8, 
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Hierarchical clustering was conducted using the complete method. The rows were clustered using the 317 Euclidean method, and the columns were clustered using the Manhattan method. 
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Hierarchical clustering was conducted using the complete method. The rows were clustered using the 325 Euclidean method, and the columns were clustered using the Manhattan method. 
